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501-11, Japan We present new measurement of 12CO(J = 1 − 0) emission from 16 luminous infrared
galaxies (LIGs) at intermediate redshift (cz  10, 000− 50, 000km s−1). These new data were selected by
isolated and normal morphology. Although there already exist measurements of CO emission from LIGs in
the literature, they are mostly strongly interacting/merging system. The new CO data represent an impor-
tant new addition to the literature in that they both expand the relatively small sample of LIGs measured
in CO, and they include the interesting subset of of LIGs that were selected by isolated and normal mor-
phology. The CO observations were performed using the NRO 45-m telescope. From the measurement of
CO emission and the IRAS database, we discuss the molecular gas and dust properties of late-type galaxies
at intermediate redshift. Comparison of the CO and dust properties of the new result with those from other
CO measurements revealed characteristics of this sample: (1) It is the deepest CO observations of IRAS
galaxies at intermediate redshift without strong interaction features. (2) It has typical properties of normal
IRAS galaxies in terms of star-formation eciency, color-color diagrams and galactic nuclear activity. (3)
It has smaller gas-to-dust ratio than normal IRAS galaxies. This can be explained by two-component dust
model, and our sample consists of most of warm dust. Galaxies: spiral | Galaxies: distances and redshifts
| ISM: molecules headings
Introduction sectintroductionIRASgal
The Infrared Astronomical Satellite (IRAS ) revealed a number of extragalactic objects with luminosity
dominated by FIR emission (e.g. Soifer et al. 1984). IRAS surveyed 96% of the sky, with a completeness
limit of  0.5 Jy at 12 µm, 25 µm and 60 µm, and  1.5 Jy at 100 µm, and with angular resolution
 0.5 0 for 12 µm  2 0 for 100 µm. It discovered  20,000 galaxies, which had not been previously
cataloged. The majority of IRAS extragalactic galaxies are late-type galaxies. Galaxies detected by IRAS ,
whose luminosity is dominated by FIR emission, are called IRAS galaxies, and are categorized as luminous
infrared galaxies (LIGs) for infrared luminosity of LIR > 1011L, ultraluminous infrared galaxies (ULIGs) for
LIR > 1012L, and hyperluminous infrared galaxies (HyLIGs) for LIR > 1013L. Infrared luminous galaxies
whose luminosity is more than 1011L become the dominant population at the intermediate redshift of z0.3
(Sanders & Mirabel 1996). The fraction of merger and interacting systems among IRAS galaxies increases
with infrared luminosity; that is  12% for log(LIR/L) = 10.5− 11,  32% for log(LIR/L) = 11− 11.5,
 66% for log(LIR/L) = 11.5− 12 and  95% for log(LIR/L) > 12 (Sanders & Mirabel 1996).
CO-line observations have revealed that LIGs are extremely rich in molecular gas. Early CO observations
of infrared selected galaxies with LIR = 1010 − 1011L showed a rough correlation between CO and FIR
luminosity (Young et al. 1984; Young et al. 1986). A number of single-dish CO surveys of IRAS galaxies
have been performed (Sanders et al. 1991, Mirabel et al. 1990, Tinney et al. 1990, Downes et al. 1993,
Mazzarella et al. 1993, Young et al. 1995, Elfhag et al. 1996, Solomon et al. 1997), which consist of
galaxies with IR luminosities of LIR = 1010 − 1013L from nearby to intermediate redshift. Correlations
between CO and IR luminosities are also found for these samples. Furthermore, it is found that the IR-to-CO
luminosity ratio (LIR/L0CO), which represents the star formation eciency in a galaxy, increases with the
CO luminosity, suggesting that molecular-gas-rich galaxies show a high star-forming eciency. Assuming
the Galactic 12CO(J = 1 − 0)-H2 conversion factor of NH2/ICO = 3.0  1020cm−2(Kkms−1)−1, the total
molecular-gas mass for ULIGs is as high as MH21010M, and the star-formation eciency in ULIGs is, on
average, much higher than any of the most active star-forming Galactic GMC cores.
CO observations of ULIGs at intermediate redshift (cz  10, 000− 50, 000km s−1) have been performed
by Mirabel et al.(1990) using the SEST 15-m telescope, Sanders et al.(1991) using the NRAO 12-m telescope,
Solomon et al.(1997) using the IRAM 30-m telescope and Lavezzi & Dickey (1998) using the NRAO 12-m
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telescope (see Sanders & Mirabel 1996, for more references). In addition to the above, we have performed
CO observations using the NRO 45-m telescope. CO observations for ULIGs at intermediate redshift are
important for the following points: (1) Objects at intermediate redshift (z  0.1 − 1) are signicant for
galactic evolution from the most-active epoch at z  1 − 2, to the local Universe at z  0. (2) Galaxies
at intermediate redshift are the most distant targets in which we can detect the CO-line from the galactic
disk, which is related to the global properties of the molecular gas in a galaxy. (3) High ratio of merger or
interacting systems and high star-formation eciency of ULIGs can help reveal the star-formation history. (4)
Strong CO emission and stable CO linewidths can be used for the Tully-Fisher relation to measure distances
to galaxies at intermediate redshift. Photometric observations for the CO-line Tully-Fisher relation have
been performed using the Okayama Astrophysical Observatory 1.88-m telescope, and the results will be
discussed in a forthcoming paper.
Results of our CO-line observations and denitions of CO and FIR properties discussed in this paper are
described in section 2. We compare our sample with these CO observations to evaluate the characteristics
of our sample in section 3. The results are discussed in section 4, and summarized in section 5. We also
discuss the samples in terms of the IRAS color-color diagrams and galactic activities in appendices 1 and 2.
Throughout this paper we use H0 = 75 km s−1 Mpc−1 and q0 = 0.5.
Data and CO observations sectobsNRO45m
12CO(J = 1−0) line observations of galaxies at intermediate redshift were obtained using the Nobeyama
Radio Observatory (NRO) 45-m telescope. We also use the data from the literature (Solomon et al. 1997,
Sanders et al. 1991, Mirabel et al. 1990 and Lavezzi & Dickey 1998). In comparing these samples, we used
given integrated intensities and the same formulae to estimate CO luminosities, or molecular gas mass.
Sample selection
The main purpose of our CO observations was to obtain CO linewidths in order to apply them to
the CO-line Tully-Fisher relation to measure distances to galaxies and determine the Hubble constant at
intermediate redshift. The target was late-type galaxies with bright CO-line emission and isolated normal
morphology located at intermediate redshift. The sample selection was made using the following criteria.
(1)Redshift criterion. Redshift criterion of the sample was cz = 10, 000− 20, 000km s−1 in 1994/1995
observations, and cz = 20, 000−30, 000km s−1 in 1995/1996 observations. After we conrmed the possibility
of CO detection at such redshift, we set the redshift criterion to cz = 30, 000− 50, 000km s−1 in 1996/1997
observations.
(2)FIR flux density criterion. In order to obtain sucient CO emission at intermediate redshift we
selected relatively strong FIR-emission sources at 60 µm and 100 µm, because FIR emission, which is
dominated by thermal emission of dust heated by surrounding starlight in UV, is related to CO emission
from dense molecular-gas regions. We selected galaxies whose IRAS flux densities at 60 µm and 100 µm are
greater than 1 Jy.
(3)Morphology criterion. Although morphology information at intermediate redshift was not sucient
in catalogs, we judged the morphology of the sample using images from the STScI Digitized Sky Survey
(DSS). Strong interacting galaxies and mergers were excluded from the sample. However, weakly interacting
galaxies, whose tails or irregular arms were not resolved by the DSS images at the resolution limit of  100,
were included, because influences of weak interaction do not aect the CO linewidth so much as for the HI
linewidth (Tutui & Sofue 1997).
(4)Position error criterion. Since the half-power beam width (HPBW) of the NRO 45-m telescope was
1500 at the frequency of 12CO(J = 1− 0), 115.271204 GHz in the object rest frame, galaxies whose position
error listed in the NASA Extragalactic Database(NED) is less than 1000 were selected. We also cross-checked
the position using the DSS images.
(5)Recession velocity error criterion. The band width of the 12CO(J = 1− 0) observation of the NRO
45-m telescope was 250 MHz, corresponding to 650(1 + z) km s−1. Since linewidths of observed galaxies
were expected to be about 200− 500km s−1, the recession velocity error criterion to select galaxies was less
than 100 km s−1. The recession velocity was taken from the IRAS redshift surveys by Strauss et al. (1992)
and Fisher et al. (1995).
CO observations
CO-line observations were performed as a NRO 45-m long-term project, and were carried out on January
14 to 23 and December 9 to 12 in 1994, January 6 to 10, March 13 to 17 and December 17, 18, 21, 22 in
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1995, January 17 to 22, February 18 to 22 and December 2 to 5 in 1996, and January 8 to 12 in 1997. The
HPBW of the NRO 45-m telescope was 1500 at the frequency of 12CO(J = 1− 0) line, and the aperture and
main-beam eciencies were ηa = 0.35 and ηmb = 0.50, respectively, as measured by observing the planets
Mars and Saturn. As the receiver frontends, we used cooled SIS (superconductor-insulator-superconductor)
receivers, which could receive two orthogonal polarizations simultaneously, with a SSB lter to select one
of the sidebands. The receiver backends were 2048-channel wide-band acousto-optical spectrometers (AOS).
The total channel number corresponds to frequency widths of 250 MHz, and therefore, to a velocity coverage
in the rest frame of the galaxy of  650 km s−1. The center frequency was set to the 1024-channel, which
corresponded to 115.271204 (1 + z)−1 for each galaxy. The system noise temperature was 300 − 800 K
in the single side band at the observing frequencies. Calibration of the line intensity was made using an
absorbing chopper in front of the receiver, yielding an antenna temperature (T A), corrected for both the
atmospheric and antenna ohmic losses. The intensity scale of T A was converted to the main-beam brightness
temperature by Tmb = T A/ηmb. Subtraction of sky emission was performed by on-o position switching,
and the oset of the o-position was 50 away from the on-position. On-source total integration time for
each galaxy ranged from 30 minutes to 3 hours. Antenna pointing was performed by observing nearby SiO
maser sources at 43 GHz every 60 − 90 minutes. The pointing accuracy was better than 400 during all
observations. Total observation time for the on/o position integrations and pointing was about 90 minutes
to 9 hours for individual galaxies. After flagging bad spectra, subtraction of the baseline was performed by
linear-baseline tting. Adjacent channels were binned to a velocity resolution of 10 km s−1. Noise level of
the resultant spectra at velocity resolution of 10 km s−1 was 2 − 5 mK in T A.
CO-line proles
We have obtained CO-line spectra of sixteen galaxies at intermediate redshifts, cz  10, 000−50, 000km s−1,
which are listed in table 1. These galaxies are some of the most distant examples of IRAS galaxies whose
CO-line is detected. The observed CO-line proles are shown in gure 1. Measurement of CO integrated
intensities and linewidths were performed carefully, not only by using the nal CO-line proles but also by
comparing CO-line proles between individual spectrometers and each run. In table 2 we list the observed
properties of the CO-line proles; on-source integration time, the r.m.s. antenna temperature, CO linewidths
at the observed and rest frames, the antenna temperature at the peak level, and the integrated intensity
corrected for the main beam eciency.
CO luminosities and molecular gas properties sectCOproperty
CO luminosity is expressed mainly in two ways. One is formulated by an integrated flux density with
the unit of L. The other is formulated by integrated intensity, or sometimes an integrated flux density,
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